The northern slopes of central Tianshan Mountains in Xinjiang, northwestern China can provide an ideal database to research palaeoclimate as disturbance by human impact is relatively low and the vegetation zones reflect climatic gradients. In order to establish the correlation between modern climatic factors and surface pollen assemblages and to reconstruct palaeoclimate on the northern slope of central Tianshan Mountains, three Holocene sections in Daxigou, Huashuwozi and Sichanghu located at different elevations and vegetation zones were chosen for study. A total of 80 surface pollen samples in 86 vegetation quadrats were collected for pollen-vegetation relationship analysis. The Warmth Index (WI) and Moisture Index (MI) were calculated based on averaged modern climate data during 1951 -2000 at eight weather stations in the study area. Pollen percentages of Picea, Artemisia, Chenopodiaceae, Ephedra, and Tamarix, as well as A/C (Artemisia/ Chenopodiaceae) and AP/NAP (arboreal/nonarboreal pollen) ratio were selected as pollen variables and WI and MI were chosen as climatic variables. The relationship between pollen percentages (Picea, Artemisia, Chenopodiaceae and Tamarix), A/C, AP/NAP ratio, WI and MI values were estimated (95% confidence interval) using stepwise multiple linear regression analysis. WI and MI values for the three sections were calculated using these regression equations, and palaeoclimate for the study area could be reconstructed. The results showed periods of both cool-humid and warm-dry conditions on the northern slopes of Tianshan Mountain during the late Holocene.
Palaeoclimatological reconstruction is the most important research topic for IGBP-Global Changes (PAGES) and Quaternary pollen data play an important role in the reconstruction process. A series of semi-quantitative and quantitative pollen models have been used since 1944, such as pollen response surfaces (Webb et al., 1998; Huntley et al., 1999) , the best analogue (Bonnefille & Chalié, 2000; Whitmore et al., 2005) , transfer functions (Levac et al., 2001; Peyron et al., 2005) , coexistence analysis (Mosbrugger & Utescher, 1997; Liang et al., 2003) , and stepwise discriminant analysis (Liang et al., 1991) . In general, common reconstruction methods rely on the comparisons of fossil data with modern pollen assemblages and their associated modern climate (Kü hl et al., 2002) .
In China, especially in the northern regions, various reconstruction models of palaeoclimate using pollen data have been carried out : Wang et al., 1997 Liu et al., 2002a; Li et al., 2004; Xu et al., 2004; Jiang et al., 2006) . In eastern and southern China, a regression equation using a large-scale data set of dust pollen samples in the East China Sea (Deng et al., 2002) , and a mangrove sporo-pollen climate transfer function based on surface mangrove sporo-pollen data of the Yingluo Bay in Guangxi Province (Li et al., 2002) were also obtained. In addition, Zheng and Guiot (1999) derived a quantitative climate reconstruction over the last 400 000 years based on 265 modern pollen samples collected in China and Southeast Asia using the best analogue method. However, semi-quantitative and quantitative models for the northern slopes of Tianshan Mountains in Xinjiang, arid northwestern China, to reconstruct palaeoclimate based on pollen data are rare, although most of the Quaternary pollen literature in this region since the 1980's has provided qualitative information about palaeoclimate. Furthermore, the comparison of fossil data with modern pollen spectra and their associated modern climate is very limited. In addition, although several qualitative palaeoecological studies have been carried out on sections in this region Zhang et al., 2004 Zhang et al., , 2005 Zhang et al., , 2006 , and these results showed the climate was humid or dry during the Pleistocene, the temperature characteristics could not be clarified. Modeling studies for the past 40 years based on an analysis of the hydrological and meteorological database have demonstrated that a climatic shift from warm-dry to warm-wet started in the year 1987 in the Xinjiang area. Therefore, matching the relationship between temperature and humidity in Xinjiang is a significant research challenge (Shi et al., 2007) .
The purpose of this study therefore, is to establish the correlation between modern climatic factors and surface pollen assemblages. The palaeoclimate will be then reconstructed from sections located on the northern slopes of Tianshan Mountains in Xinjiang and the late Holocene hydro-thermal characteristics in the region will be discussed.
Study area
The study area, about 500 km from west to east, is situated in the middle section of the northern slopes of Tianshan Mountains in Xinjiang ( Figure 1 ). The Tianshan Mountains, a large and isolated range surrounded by the desert basins of northern China, extends 2 500 km west to east across Central Asia. Human impact is relatively low.
Tianshan Mountains displays a clear vertical distribution of vegetation types (Figure 2 ). The vertical zones on the northern slopes can be described as follows. From the top down, they include alpine cushion vegetation, alpine and subalpine meadow, Tianshan spruce forest, steppe and desert steppe, semidesert (Artemisia-desert) and typical desert zones (Xinjiang Comprehensive Investigation Team & Institute of Botany, Chinese Academy of Sciences, 1978; Editorial Committee of Xinjiang Forest, 1989) . Alpine cushion vegetation dominated by Thylacospermum caespitosum Tenzl and Potentilla biflora willd px Schlechl, occurs at altitudes above 3 400 m, where it is covered by glacial and perennial snow. Alpine and subalpine meadow composed of Poa alpina L., Festuca rubra L., Carex atrata L., Thalictrum alpinum L. and Polygonum viviparum L., dominates between 2 700 and 3 400 m with a mean annual temperature of about 25.4˚C and mean annual precipitation of about 430.2 mm. A forest vegetation zone is located from 1 720 to 2 700 m with mean annual temperature of about 2.1˚C and mean annual precipitation of about 534.2 mm. In general, forest, consisting mostly of Picea schrenkiana Fisch & Mey., accompanied by Aegopodium alpestre Ledeb. and Calamagrostis arundinacea L. (Roth.) is restricted to moist areas on the north-facing slope in the zone (Yan, 2002) . Vegetation, occurring from 1 300 to 1 720 m, is mostly composed of steppe and desert steppe, which is dominated by Aegopodium alpestre, Calamagrostis arundinacea, Fragaria viridis Duch, Galium boreale L., Geranium pratense L., Sorbus tianschanica Rupr. and Senecio nemorensis L., and has a drier climate. From 700 to 1 300 m, desert steppe is replaced by dry, sparse desert vegetation which is dominated by Artemisia rupestris L., Reaumuria soongarica maxim, Festuca spp., and Carex spp., with an annual precipitation of about 200 , 300 mm and a mean annual temperature of about 4 , 7˚C. Below 700 m, typical desert is dominated by xerophytic and hyper-xerophytic species, such as Haloxylon persicum Bunge ex Boiss. & Buhse, Haloxylon ammodendron Bunge, Petrosimonia sibirica Bunge, Salsola spp., Suaeda physophora Pall., Ceratocarpus arenarius L., Tamarix hispida Willd. and Reaumuria spp. with an annual precipitation of about 150 mm.
Field survey and sampling
Vegetation survey and collection of surface pollen samples An altitudinal transect was sampled at intervals of 20 -100 m from 460 to 3 510 m on the northern slopes of the central Tianshan Mountains in order to investigate modern vegetation and to collect surface pollen samples . At the same elevation, two or three vegetation quadrats, of size 20620 m 2 , were surveyed in different places. The location of quadrats was recorded with a global positioning system (GPS) receiver. Four sub-plots, each 10610 m 2 , were recorded within each quadrat as were two randomly selected plots of 161 m 2 . Within each sampling plot, we recorded abundance, cover and height for each species, and habitat conditions, such as slope gradient, slope exposure and soil parent material. Eighty surface pollen samples were collected in the vegetation plots from litter, moss and topsoil at the same time as the vegetation was recorded.
Surface pollen samples weighing 50 g were sieved through 200 mm mesh screens to remove larger plant fragments, and then treated in the laboratory with heavy liquid separation and acetolysis (Moore et al., 1997) . Treated pollen samples were mounted in glycerol, and counted using 6800 magnification with an Olympus microscope. For each sample, two to three slides were examined, and at least 300 terrestrial pollen grains (mean 5406) were counted. Unknown and indeterminate pollen grains, such as broken, concealed, or corroded pollen, were excluded.
Forty-seven pollen and spore families and genera were identified and counted. Pollen percentages were calculated on the basis of the total pollen sum. Tilia/TiliaGraph software was used for the calculation of percentages and for preparation of the pollen diagrams (Figure 3 ), (Grimm, 1990) .
Sediment sections samples
Three exposed sections were sampled in Daxigou (43˚079N, 86˚519E and 3 450 m a.s.l.), Huashuwozi (43˚48.39N, 89˚89E and 1 320 m a.s.l.) and Sichanghu (44˚18.69N, 89˚89E and 589 m a.s.l.), which were located at different elevations and vegetation zones on the northern slopes of Tianshan Mountains, Xinjiang ( Figure 1 , Table I ).
We collected 52 samples at intervals of 2 cm from the Daxigou section, 52 samples at 2 cm intervals from the Huashuwozi section (2 -3 cm interval at the bottom) and 19 samples at 3 -5 cm intervals except the upper aeolian sand layer for the Sichanghu section. All pollen samples weighing 30 g were treated with 10% HCl and 10% NaOH in the laboratory, followed by flotation using specific-gravity liquid (KI + HI + Zn) and acetolysis after sieving and chemical treatments. Thirty-nine pollen-spore taxa for the Daxigou section, 42 for the Huashuwozi section and 35 for the Sichanghu section were identified and counted from each sample under 6400 magnification with an Olympus microscope. Pollen percentages for trees, shrubs, herbs, A/C (Artemisia/Chenopodiaceae) and AP (Arboreal pollen) /NAP (Non-Arboreal pollen) ratio were calculated using a pollen sum including aquatic pollen and spores. Mass concentration (grains per gram dry weight) was calculated. No Lycopodium spores were added. Tilia/TiliaGraph software was used for the calculation of percentages and for preparation of the pollen diagrams (Grimm, 1990) .
Stratigraphy and chronology of the sequences
Daxigou. A 110 cm deep manually excavated section was dug at the headwaters of the Urumqi River, which is located on the north slopes of Tianger Peak in the central Tianshan Mountains (Figure 1 ). The main vegetation is alpine meadow at this site. Stratigraphy of this section is composed of clay and peat, which is plotted in Figure 4 .
Two subsamples (at depths of 108 -110 cm and 44 -48 cm) were selected for 14 C dating, with the results presented in Table II. 14 C dating was analyzed by the 14 C Laboratory of Institute of Geology, Chinese Seismological Bureau. Age calculations are based on a 14 C half-life of 5 568 a. Ages of the remaining samples were interpolated by assuming that the sediment rate is constant between the two dated samples. Table II . The ages of the other subsamples were interpolated with the same method described above for the section at Daxigou.
Sichanghu. A 100 cm deep section was dug at ancient Sichanghu Lake, which was desiccated for years and located in the southeastern margin of the Gurbantunggut Desert (Figure 1 ). The section consists of six layers. They are rust yellow sand, dark-gray muddy silty-fine sand with abundant gastropod fossils such as Radix acuminate and Gyraulus, greyish white silt and clay, dark-grey mud, fine silty-sand with some gastropod fossils, greyish fine sand and clay, and rust yellow sand from the bottom up ( Figure 6 ). The natural vegetation is sandy desert plants, mainly dominated by Haloxylon ammodendron Bunge, Artemisia spp. and Ephedra spp. Two subsamples (at the depth of 78 -82 cm and 62 -64 cm) were selected for dating, with the results presented in Table II . The ages of the other subsamples were interpolated with the same method described above for the sequence at Daxigou.
Modern climatic data
Modern climatic data from eight weather stations in the study area were obtained to estimate the 50 1951 -2000) , for selected meteorological parameters such as annual temperature and precipitation and monthly mean temperature and precipitation (Table III) .
Results and interpretation

Warmth index and moisture index
Kira's warmth index (WI) (Xu, 1981 ) and Li's moisture index (MI) (1983) are two important indices that describe the hydrothermal relationship. Calculation methods of these two indices are described as follows:
Where, t i is the mean monthly temperature when w5˚C, and p i is the mean monthly precipitation when the mean monthly temperature w5˚C.
WI and MI indices at eight meteorological stations were calculated with the results presented in Table III . In order to study the relationship between hydrothermal index and elevation, WI, MI and elevation data were simulated together. The results, which were listed as function (3) and (4), showed that the correlation between WI and elevation data was linear, but there was a quadratic function between MI and elevation data.
For WI,
in which E is elevation and R 2 is the correlation coefficient.
For MI,
The analyses showed that that WI decreased linearly with increasing elevation, and precipitation increased gradually. At an elevation of about 2 200 m, MI reached the highest values, and then decreased with the rising in elevation. More meteorological data, especially from high elevation, is needed to refine these relationships.
Correlation between surface pollen data and climatic factors (WI, MI)
We selected pollen percentages of Picea, Artemisia, Chenopodiaceae, Ephedra, Tamarix, A/C and AP/ NAP ratio as pollen variables, and WI and MI were chosen as climatic variables. The surface pollen variables were selected using the following criteria: 1) pollen of dominants in major plant community types; 2) pollen taxa with high surface pollen percentages and 3) pollen taxa showing clear spatial gradients (Liu et al., 2002b) . Artemisia, Chenopodiaceae, Ephedra and Tamarix are the major components of the modern vegetation in arid Xinjiang. Moreover, they have high percentages in the pollen assemblages of surface samples. Picea is the dominant tree species of mountain conifer forests in this area. Traditionally, AP/NAP is an important index of climate change and the effective interpretation of anthropogenic activity in pollen diagrams (Hjelle, 1997) . In addition, the ratio of A/ C ratio is usually used to indicate the humidity / aridity condition in arid regions (El-Moslimany, 1990; Huang, 1993) .
By using an SPSS stepwise multiple linear regression method, the relationships between pollen percentages (Picea, Artemisia, Chenopodiaceae and Tamarix), A/C ratio, AP/NAP ratio and WI and MI values were estimated (95% confidence interval) (Ji, 2005) . These were expressed in Tables IV and V .
Results showed that only two variables related to WI, Picea and Chenopodiaceae could pass the statistical testing (Table IV) , and the regression model was expressed as follows:
Similarly, only Chenopodiaceae and Picea could pass the test for MI and were retained by using SPSS stepwise multiple linear regression method (Table V) . Their relationship to MI can be 
where C and P are the percentage of Chenopodiaceae and Picea, respectively. Then WI and MI data for the three sections (Figures 4-6) were calculated according to the equations (5) and (6).
Altitudinal changes of modern pollen and vegetation
Based on the modern vegetation investigation and the characteristics of the surface pollen spectra, the altitudinal pollen spectra could be sub-divided into six pollen assemblage zones (Figure 3) 
Pollen assemblages and palaeovegetation reconstruction
Daxigou section in the alpine and subalpine meadow vegetation zone
The pollen diagram from the Daxigou section was divided into five pollen zones (Figure 4) . Zone I ca. 3600 , 3200 yr BP (110 , 102 cm). The pollen percentage assemblage was dominated by Picea and Artemisia. Remarkably high values of Picea pollen grains in both percentages (37% at the depth of 108 cm) and concentration (424.0 grain/g at the depth of 108 cm) were recorded. Similarly, the pollen concentration of aquatic plants (mean 110.8 grain/g), total pollen concentration (mean 577.5 grain/g), and the A/C ratio were also high.
Zone II ca. 3200 , 2000 yr BP (102 , 74 cm). The pollen percentage assemblage was still dominated by Picea and Artemisia. Picea percentages ranged from 25 to 35%, but its pollen concentration decreased rapidly to 1.7 grain/g. As compared with Zone I, the pollen concentration of aquatic plants (mean 58.0 grain/g), total pollen concentration (mean 417.5 grain/g) and the A/C ratio were greatly reduced.
Zone III ca. 2000 , 1400 yr BP (74 , 60 cm). The pollen assemblage was characterised by high percentages of Ephedra and Artemisia. Picea percentages reached their lowest values (3%) in the section, whereas its pollen concentration began to increase to 86.7 grain/g. Total concentration of aquatic pollen (mean 130.7 grain/g), total pollen concentration (mean 749.7 grain/g) and the A/C ratio were higher relative to Zone II.
Zone IV ca. 1400 , 500 yr BP (60 , 32 cm). The pollen percentage assemblage was dominated by shrub and herb pollen, which accounts for more than 60% of the total pollen sum. Picea percentages rose to 15% or more. Its concentration also increased rapidly to 392.0 grain/g. Total pollen concentration (mean 1 318.8 grain/g) and concentration of aquatic pollen (mean 219.5 grain/g) went on increasing and reached their maximum values in the section at the depth of 34 cm (total pollen concentration is 2 466.0 grain/g, aquatic pollen concentration is 421.3 grain/g). The A/C ratio was slightly higher than Zone III.
Zone V since ca. 500 yr BP (32 , 0 cm). Total pollen concentration decreased slightly, but the average value (1 331 grain/g) was still higher than in Zone III. Picea percentages (7 , 12%) and concentration (30 , 213 grain/g) decreased rapidly, while Ephedra increased slightly. Ephedra and Artemisia were two important components of the zone. The A/C ratio also reduced gradually.
Similarly, concentration of aquatic vegetation also declined slightly to 77 grain/g. Based on the above results, the climatic conditions since 3600a BP at the Daxigou section can be reconstructed into five climate stages (Figure 4) . From 3600 to 3200 14 C yr BP, relatively higher A/C, AP/NAP ratios and pollen concentration of aquatic plants reflected a climate that was more humid than present. The MI values were higher but WI values were lower than present, which meant that the climate was humid and cool. From 3200 to 2000 14 C yr BP, lower A/C, AP/NAP ratios and pollen concentration of aquatic vegetation compared to Zone I suggested that at that time the climate was drier than before. However in contrast, our calculated data, high MI values and low WI values, indicated that at that time the climate became cooler and more humid than before. The reason for this apparent contradiction is that the relatively low pollen concentration of Picea might suggest a dry climate despite its higher percentages. However, its high percentages influence the calculation of MI and WI values because it was the main variable for the above regression equations. Therefore, in this case, WI and MI values could not perfectly resolve the climate change. From 2000 to 1400 14 C yr BP, Picea percentages and pollen concentration were still very low, indicating that the climate was similar to the former period. Lower MI but slightly higher WI values than for Zone II also suggested that the climate was dry and warm. From 1400 to 600 14 C yr BP, the prominent peaks of pollen concentrations of total pollen, arboreal, shrub, aquatic and herb in this zone indicated a more humid climate. WI values were relatively lower but MI values were relatively higher than in Zone III, indicating that the climate was humid and cold. From 600 14 C yr BP to the present, the climate was not more humid than the former stage because total pollen concentration and Artemisia, Chenopodiaceae, Ephedra began to decrease. WI values were slightly higher while MI values were lower than in Zone IV, which suggested that the climate was drier and warmer than the former stage.
Huashuwozi section in the steppe and desert-steppe vegetation zone
Four pollen-assemblage zones were distinguished from the Huashuwozi section ( Figure 5) .
Zone I ca. 2150 , 2000 yr BP (110 , 88 cm). This zone was characterised by the relatively low percentages of arboreal pollen (4.9%) and high percentages of xerophytic and super-xerophytic pollen (95.0%). Total pollen concentration (mean 140.0 grain/g) and AP/NAP values were relatively low. These characteristics showed that the regional vegetation was desert-steppe dominated by xerophytic Chenopodiaceae, Ephedra, Tamarix, Reaumuria, Peganum and Zygophyllum.
Zone II ca. 2000 , 1300 yr BP (88 , 58 cm). The pollen assemblage was still dominated by shrub and herb pollen (90.8%), but the mean percentage of arboreal pollen began to increase to 9.2%, especially that of Picea, which reached a maximum value (mean 8%), with 21.5% at the depth of 72 , 66 cm. Percentages of xerophytic and super-xerophytic pollen decreased, especially Chenopodiaceae percentages were reduced to their lowest values (mean 23.3%), whereas those of Artemisia, Gramineae, Compositae, Ranunculaceae, Leguminosae, Caryophyllaceae, Labiatae, Umbelliferae, Cruciferae, Liliaceae, Allium and Cyperaceae increased. Pollen concentration (mean 309.0 grain/g) was relatively higher than in Zone I; in addition, AP/NAP values reached their highest values. The pollen assemblage suggested that there was steppe vegetation with a few trees.
Zone III ca. 1300 , 450 yr BP (58 , 16 cm). The predominant taxa in this zone were still shrub and herb pollen with mean percentages of 96.6%, dominated by xerophytic and super-xerophytic pollen. The percentage of Chenopodiaceae was higher than in Zone II (mean 30.5%), whereas that of Picea decreased again (mean 2.6%). Pollen concentration (mean 76.8 grain/ g) and AP/NAP values were at their lowest values. These characteristics indicated desert-steppe vegetation, which was dominated by xerophytic Chenopodiaceae, Artemisia, Compositae and Gramineae.
Zone IV since ca. 450 yr BP (16 , 0 cm). Compared with Zone III, percentages of xerophytic and super-xerophytic pollen in this zone were lower. Among them, Chenopodiaceae percentages accounted for 17.2%. The percentage of Picea was 4.2%, but that of Betula reached its highest values (i.e. 13.2%), implying local presence and hence the origin of the name of Huashuwozi Village (huashu -birch). Higher AP/NAP values, the highest pollen concentration in the section (mean 949.0 grain/g) and higher percentages of Leguminosae, Umbelliferae, Cruciferae, Liliaceae, and Allium than in Zone III indicated that regional vegetation was desert-steppe.
About 2000 14 C yr BP ago and from 1300 to 450 14 C yr BP, slightly lower MI but higher WI values suggested that the climate was dry and warm during the desert-steppe stages. However, from 2000 to 1300 14 C yr BP and since 450 14 C yr BP, especially from 2000 to 1300 14 C yr BP, MI values and AP/ NAP values were higher but WI values were lower during the steppe stage than during desert-steppe stages. This suggests that between 2000 to 1300 14 C yr BP the climate was more humid and colder than in the earlier stages, which were more favorable for the growth of spruce.
Sichanghu section from the typical desert zone
Three pollen-assemblage zones were distinguished based on lithological features, the vertical variations in main pollen percentages and pollen concentration of Sichanghu section (Figure 6 ).
Zone I ca. 1076 -1000 yr BP (84 , 82 cm). The pollen percentage assemblage was dominated by Chenopodiaceae (mean 55%), Tamarix (mean 19.6%) and Artemisia (mean 11.0%), while the average percentage of Picea was below 4%. Total pollen concentration was at its lowest values (mean 13 grain/g, range 8 , 18 grain/g). Similarly, the A/C value was low and did not exceed 0.2.
Zone II ca. 1000 -582 yr BP (82 , 56 cm). Three subzones were recognised in this zone. Zone II-1: 1000 -800 yr BP (82 , 68cm), the pollen assemblage subzone was characterised by the abundance of Typha, Cyperaceae and Gramineae. The percentage of the vascular hygrophyte Typha reached 12.3 -15.4%. The A/C ratio (0.22 , 0.24) was also higher than in Zone I. Total pollen concentration began to increase and reached its maximum values (2 464 grain/g) at the depth of 68 cm. Zone II-2: 800 -665 yr BP (68 , 64 cm). Percentages of Typha, Cyperaceae and Gramineae and total pollen concentration began to decrease and reached their lowest values in Zone II, whereas those of Chenopodiaceae and Picea increased compared with Zone II-1. In Zone II-3: 665 -582 yr BP (64 , 56cm), percentages of Typha, Cyperaceae and Gramineae increased again. Among them, Typha percentages reached 8.7%. Total pollen concentration also increased again, and its values reached 1 472 grain/g. Zone III 582 , 191 yr BP (56 , 18 cm) . The pollen assemblage was dominated again by xerophytic and super-xerophytic plants. The percentages of Chenopodiaceae increased rapidly to 70%, whereas those of Typha, Cyperaceae, Gramineae and Liliaceae were relatively lower than for Zone II. Among them, Typha percentages declined to 1 -2% and Picea percentages ranged from 1.5 -5.0%. Total pollen concentration was lower (mean 396 grain/g, range 206 , 1120 grain/g) than for Zone II. The A/C ratio decreased to its minimum value (0.02).
Based on the above, it could be concluded that during the last 1 000 years regional vegetation was desert vegetation dominated by Chenopodiaceae, Ephedra, Artemisia, Gramineae and Compositae. But during that period (from 1000 to 582 yr BP), corresponding to the Medieval Warm Period (900 , 1300 A.D.), A/C and AP/NAP values, total concentration, and pollen percentages of aquatic plants were much higher than during the other two zones. In addition, some gastropods, such as Radix acuminate and Gyraulus, were found in the sediment, indicating a humid climate during the period. However, from 1076 to 1000 yr BP and from 582 to 191 yr BP, plant diversity decreased, and gastropods were absent. The A/C and AP/NAP values, total concentration and pollen percentages of aquatic plants were lower than for Zone II, suggesting that during that period the climate was very dry.
From 1000 to 582 14 C yr BP (Zone II), MI values were much higher but WI values were slightly lower than for other two zones, which showed that the climate was more humid and colder during Zone II than before and afterwards.
Palaeoclimatic reconstruction
Pollen records from these three sections qualitatively indicated that the climate was humid or dry but the temperature regime could not be clarified. However, the temperature characteristic could be reconstructed from WI and MI data by using the stepwise multiple linear regression method. The WI and MI indices take into consideration both temperature and precipitation during the growing season for plant species and is thus a useful tool for explaining temperature and humidity in the study area (Liu et al., 2002b) . Consequently, WI and MI data can be very effective in reconstructing palaeoclimate.
There is debate about the Holocene hydrothermal history in Xinjiang. According to some opinions, conditions were either warm-humid or cold-dry in northern Xinjiang for the whole Holocene (Wen & Qiao, 1990; Sun et al., 1994; Wu, 1995; Lin & Wei, 1998; Gu, 1998; Zhang et al., 2000) . Other scholars interpret cold-humid and warm-dry conditions (Li, 1985; Li, 1990; Han, 1990 Han, , 1993 . A third viewpoint was that cold-dry and warm-dry were the characteristics of northern Xinjiang (e.g. Dong, 1990a, b) , while others thought that the climate could not be simply classified as warm/wet or warm/dry (Ye, 2000) .
On the basis of the quantitative model developed in this paper, we inferred from the reconstructed result from Daxigou, Huashuwozi and Sichanghu sections that the hydrothermal characteristics on the north slopes of Tianshan Mountains were periods of cold-humid or warm-dry conditions during the late Holocene.
In order to understand the thermal and moisture conditions of northern Xinjiang, we need to reconstruct major atmospheric circulation patterns in Xinjiang. The East Asian monsoon, originating from the subtropical Pacific high-pressure system and drawing moisture from the sea, results in higher precipitation in eastern China and this decreases from east to west. It is however blocked by Eastern ranges, only a little monsoon rain reaches the eastern slopes of the Tianshan (Wei & Gasse, 1999) . In addition, the Southwest (Indian) monsoon developed from heating on the Qinghai-Tibet Plateau during summer and is enhanced by the low-pressure cell (Flohn, 1981) . It is also blocked by the Tibetan Plateau, resulting in a reduction of monsoon precipitation entering Xinjiang. The mid-latitude westerly circulation, bringing moisture to the western mountain ranges of Central Asia including Tianshan, is by comparison much more important for Xinjiang and the interior of the continent because the hydrothermal pattern of westerlies is cool-humid and warm-dry. Fang and Lu (2002) also thought that long-term climatic change was characterised by increased precipitation from the much stronger westerlies. Therefore, during cold periods, more rainfall was caused by the southward movement of the westerly winds and the increased intensity of cyclonic winds coupled with a weakening of the winter monsoon and the Central Asian anticyclone in northern Xinjiang during the late Holocene (Van Campo & Gasse, 1993; Rhodes et al., 1996; Lehmkuhl & Haselein, 2000) .
''Medieval Warm Period'' on the northern slopes of central Tianshan Mountains in Xinjiang
In the last two millennia, the Medieval Warm Period was a time of unusually warm climate in Europe from about 900 until 1300 A.D., which showed that the mean temperature was 0.5˚-1.6˚C higher than about 1900 A.D. (Lamb, 1965) . Records from ice cores (Dahl-Jensen et al., 1998) , dendrochronology (Briffa et al., 1990) , lacustrine varve sediments (Campbell, 1997) , archaeological data (Huffman, 1996) and cave stalagmites (Paulsen et al., 2003) also demonstrated that this warm period might have been a global climate event. In recent years, many Chinese scholars became convinced that during this period the climate of eastern China was warm (Hong et al., 1998; Shen et al., 2001) , but the climate characteristics of western China were unclear .
However, the paleoclimatological reconstruction results of Sichanghu and Daxigou sections demonstrate that during the period, approximately corresponding to the Medieval Warm Period, the climate was humid. Aquatic intrazonal heliophytes and gastropods such as Radix acuminate and Gyraulus existed near the freshwater Sichanghu Lake from 1000 to 582 14 C yr BP. In Daxigou region, the warmest period since 3600 yr BP was between 1400 and 500 yr BP. Nevertheless, whether the Medieval Warm Period is a consistent climatic event or a small climatic fluctuation on the north slopes of Tianshan Mountains needs further research. Yan et al. (2003) thought that water level changes at Ebinur Lake, which is located at the upper reaches of an oasis zone on the north slopes of Tianshan Mountains, reflected the variations of regional climate and environment during the last 2 500 years based on sedimentary environment and pollen record. Water levels rose continuously reaching a maximum during 300 , 1400 A.D. In addition, between 1500 , 500 yr BP, lake levels of lakes such as Chaiwopu and Balikun in Xinjiang were also increasing, which demonstrated that the climate was humid (Wang & Wang, 1992; Zhong, 1997; Zhong & Han, 1998) .
Diatom and pollen data from the Dongdaohaizi section of the Dongdaohaizi Lake, a terminal lake of the Urumqi river on the north slopes of Tianshan Mountains, showed that at the depth of 30 , 5cm, between 680 , 1645 A.D., aquatic intrazonal heliophytes (dominated by Typha, Phragmites and Carex) and many diatoms were identified and the A/ C ratio was relatively high, all indicating that the climate was comparatively humid and desert steppe prevailed over this area. In addition, Dongdaohaizi Lake was at its highest water level during that period .
Pollen and sediment data showed that percentages of aquatic plants, dominated by Typha and Phragmites, were relatively higher than in other layers between 60 , 15 cm of Dongheba section of Beitinggucheng, Jimusaer County on the north slopes of Tianshan Mountains with a 14 C date of 590¡80 yr BP. It suggested that during this period the climate was humid (Yan & Kan, 1993) .
Historical documents describing the northern slopes of central Tianshan Mountains in Xinjiang are very limited, so we cannot obtain evidence from them about climate change during the Medieval Warm period. But we can obtain similar records from historical documents for the whole of Xinjiang region. In the first year of Yonglong Period (939 A.D.), wind and snow disasters became very frequent. In the third year of Kaibao period in the North Song Dynasty (970 A.D.), heavy rainfalls flooded several farmhouses in Gaochang (i.e. Turpan in Xinjiang) (The Historical Book of Song written by Shen Yue, who lived in Nan Dynasty). It suggests that during this period the climate was humid.
From the above evidence, we can conclude that during the period, approximately corresponding to the Medieval Warm Period (900,1300 A.D.; from the middle of the Tang Dynasty to the middle of Yuan Dynasty), the climate was humid on the north slopes of Tianshan Mountains in Xinjiang. Thus the key climatic factor during that period in Xinjiang should be humidity, which is different from the eastern Monsoon region and other monsoonaffected areas. Therefore, the Medieval Warm Period in Xinjiang should be called a humid period rather than a warm period.
Conclusions
There are four conclusions that can be drawn from this study. Firstly, the surface pollen assemblages reflect the regional vegetation distribution patterns in the present study area reasonably well; therefore, the correlation between modern climatic factors and surface pollen assemblages can be established on the northern slopes of central Tianshan Mountains in Xinjiang, northwestern China.
Secondly, the precipitation-temperature patterns in study area were firstly cold-humid and subsequently warm-dry during the late Holocene, but the aridity gradient did not basically change. In addition, in this region, since the climate is affected mostly by the westerly current coming from the Atlantic Ocean during the late Holocene, vegetation is largely related to effective moisture, rather than to temperature.
Furthermore, during the period, approximately corresponding to the Medieval Warm Period (900 , 1300 A.D.), the climate was humid on the northern slopes of central Tianshan Mountains in Xinjiang.
